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Abstract 
 The primary objective of this project was to develop a method by which future teams can 
perform more complete thermal analysis of a CubeSat. In order to achieve this, I sought to create 
a model of the internal components of a typical CubeSat, with sufficient fidelity to be able to 
understand the effects of various parameters on the thermal state, and to integrate that internal 
model with the thermal analysis of the external spacecraft structure. The results include a thermal 
model of a CubeSat built with finite element software and simulations using the model that 
expose the primary heat sources and illustrate the effects of key parameters on the temperature 
distribution. Recommendations include steps for using the model within the thermal analysis 
process and suggestions for refining the model to improve its predictions. 
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1.0 Introduction 
1.1 Project Description 
 A CubeSat is a picosatellite with standardized design requirements developed as part of 
the international CubeSat Project [2]. The drive behind their project is to “provide practical, 
reliable, and cost-effective launch opportunities for small satellites and their payloads,” making 
satellite development less expensive and more accessible to students, experimenters and small 
companies [2]. At Worcester Polytechnic Institute (WPI), several teams of students have 
investigated CubeSat design and partnered with other organizations to develop and launch a 
CubeSat [4, 5, 6]. This project is, in part, a contribution to future project teams, though it is not 
specific to the WPI CubeSat design. 
 Satellite design consists of a highly iterative design process involving interdependent 
subsystems. The thermal subsystem is responsible for maintaining necessary temperature ranges 
for the components of a spacecraft throughout its lifetime, which is vital to success of any 
mission. This project aims to create a method and tool for refining the design of the thermal 
subsystem of a CubeSat. Specifically, using finite element analysis I created a basic thermal 
model of the internal components of a typical CubeSat that can be built upon and adapted to fit 
any individual design. 
 
1.2 Objectives 
 The primary objective of this project was to develop a general method by which future 
teams can perform more complete thermal analysis of a CubeSat. In order to achieve this, I 
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sought to create a model of the internal components of a typical CubeSat, with sufficient fidelity 
to be able to understand the primary heat sources and the effects of various parameters on the 
thermal state, and to integrate that internal model with the thermal analysis of the external 
spacecraft structure and its interaction with the space environment. 
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2.0 Background 
2.1 CubeSats 
2.1.1 CubeSat Overview 
The CubeSat Project was started as a response to the typically long R&D times and 
prohibitive cost of space missions [2]. The long timescales and cost made access to space for 
educational programs and small companies or groups of researchers almost impossible. There 
has therefore been a general shift towards smaller and more inexpensive spacecraft and satellites. 
One solution, developed by Stanford University and California Polytechnic State University (Cal 
Poly), is the CubeSat – a very small, modular satellite (called a nano- or even pico-satellite).  
CubeSats are relatively simple, have standardized interface specifications, and provide  
organizations which meet the specifications with the opportunity to launch multiple small 
payloads. In this way, they have helped to make space more accessible to students, researchers 
and small companies.  
The standard CubeSat is a 10 cm cube, which can have a mass of up to 1.33 kg. The 
satellites must be deployed from a specialized container known as a Poly Picosatellite Orbital 
Deployer (or P-POD), which can accommodate satellites that are up to three of the basic cubes in 
size (called 1U, 2U, and 3U) [3]. Due to their small size, and the scale necessary to justify a 
launch vehicle, CubeSats are often piggybacked on other missions, taking up excess cargo space. 
This is very cost-effective, but has its own drawbacks; for instance, one consequence is that 
designers have limited control over the orbit into which a CubeSat is deposited. Since its 
inception in 1999, the program has grown to include hundreds of collaborators from all over the 
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world [3]. As a result, commercial CubeSat kits, frames and components have become available, 
making space even more accessible for small payload missions. 
 
2.1.2 The “Typical” CubeSat 
In order to create a model that is both reasonably realistic and general enough to apply to 
most CubeSats, I sought to construct a model for a “typical” CubeSat. Although there are several 
types of organizations that have launched CubeSats, such as the government, military, and 
private companies, one of the objectives of this project was to create a starting point for future 
WPI students as they further refine the WPI CubeSat design. Therefore, I elected to conduct a 
limited survey of CubeSats launched by universities and other educational institutions. 
Of a list of 227 launched CubeSat missions, 115 were classified as university or 
educational endeavors. (In researching previous missions, I came across a very useful database 
of every CubeSat that has been launched, compiled by Professor Michael Swartwout of Saint 
Louis University [7]. These observations are primarily from analysis of that data.) Launches took 
place from 2000 to 2014. Many of these were multiples launched to work together (Utah Sate 
University’s DICE X and Y satellites, for example), as backups, or designed to continue a 
mission (i.e. a “sequel”). They are therefore numbered in sequence, e.g. BeeSat-1, BeeSat-2 and 
BeeSat-3. The university with the most CubeSats launched is, unsurprisingly, Cal Poly, with CP-
1 through CP-6. I randomly selected 15 of the 115 satellites to research in greater depth, and 
gathered data around several key aspects of each of these; specifically I looked at their size, 
hardware, orbit, and mission objectives. By comparing this information, I came to have a more 
complete idea of a “typical” CubeSat. 
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Based on this research, I have broken down the characteristics of a typical CubeSat into 
size, orbit, mission objectives, and components. For each I have listed first the typical 
characteristic and then given a few examples to demonstrate the breadth of possibility for each 
aspect. There are, of course, many more possibilities than these, but I believe my list is 
representative of the norm. 
The typical size of a CubeSat is 1U. All of the CubeSats ever launched have a size of 1U, 
2U, 3U, 1.5U or Opal. Of the 115 university satellites, 90 were 1U, 5 were 2U, 13 were 3U, 4 
were 1.5U, and 3 were Opal. 1.5U is a custom size; the DICE X and Y satellites, two of the 
1.5Us, were designed this way so that they had a little more internal space but both fit in one P-
POD. The two spacecraft work together to collect data during their mission, and this arrangement 
allowed them to be deployed together. Opal is the designation for the two types of picosatellites 
deployed from the OPAL PICOSAT spacecraft. They were either 7.5 cm x 10 cm x 2.5 cm 
(called “short” by the team) or 7.5 cm x 20 cm x 2.5 cm (“long”), and were some of the first 
picosatellites ever launched (from Santa Clara University, launched Feb. 2000) [8]. The 
overwhelming majority of CubeSats, however, have been 1U, and the model reflects this. 
The typical CubeSat orbit is a Low Earth Orbit (LEO) range sun-synchronous orbit. All 
of the satellites that I researched had orbits between 300km and 900km, and most of them were 
sun-synchronous and closer to circular. Variations were due to both launch vehicle destinations 
and specific mission requirements. 
The typical objectives of a CubeSat mission were education, technological 
demonstration, and some kind of science (mostly imaging and communication related). There 
was, however, a broad range of mission specifics, from tether research to a radar calibration 
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service to art. Since the CubeSat size and shape are standardized, the physical design was mostly 
unaffected by specific mission objectives unless it was to deploy an instrument on a boom. For 
the purposes of a general CubeSat model, the payload can remain a black box assumed to contain 
various sensors. 
All of the CubeSats I researched contain similar components, as they all require the same 
essential subsystems. Present in all of the satellites were an on-board computer (OBC), 
communication equipment (antennas, processors, etc.), solar panels, batteries, power 
conditioning, management and distribution systems, and payload instruments (usually this 
included a camera). Most also had an attitude determination and control system (ADCS) which 
included sensors and actuators appropriate to the mission. Unless there are instruments or 
antennas that need to be outside of the cube frame, everything is typically mounted on printed 
circuit boards (PCBs), which are arranged as a tight stack within the limited space of the cube. 
Therefore one of the key aspects of my model was to model heat transfer through a PCB and any 
mounted components with reasonable accuracy. 
One area of considerable variation was the ADCS. The majority utilized magnetometers 
and magnetorquers, but passive control by the combination of a permanent magnet and hysterisis 
materials was a close second. Other possibilities include no attitude control (if one is not required 
for the mission), a global positioning system (GPS) receiver, reaction wheels, and gyroscopes 
and other stabilizers (such as a gravity boom). The model I created for this project is at a simpler 
stage and includes only generic electronic components, which could be modified to represent 
components of an attitude determination and control subsystem. 
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Figure 2-1: A 1U CubeSat (© AAUsatlab, 2014 [1]) 
 
2.2 Thermal Analysis 
 This sub-section addresses the different methods of heat transfer (i.e. convection, 
conduction and radiation), the space thermal environment, and thermal analysis in spacecraft 
design. 
 
2.2.1 Heat Transfer 
 There are three main modes of heat transfer: conduction, convection and radiation. 
Convection, which is a combination of heat diffusion through a fluid (conduction) and heat 
transfer due to the bulk movement of that fluid (advection), does not occur in the near vacuum of 
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space. The thermal conditions of the launch vehicle are outside the scope of this project, and 
therefore only conduction and radiation are considered. 
 Conduction is driven by the energy transferred through particle collisions within a fluid, 
or a transfer of vibrational energy in the lattice of a metal or other solid material. This interaction 
can be described by Fourier’s Law, which for an isotropic material is 
 𝑞 = −𝑘∇𝑇  2-1 
where 𝑞 [W/m2] is the heat flux, 𝑇 [K] is temperature and 𝑘 [W/m2·K] is the thermal 
conductivity of the material (constant for the isotropic case). Most spacecraft materials can be 
considered isotropic; notable exceptions are composite materials containing glass or other 
oriented fibers. 
 Thermal radiation is the transfer of heat energy through electromagnetic radiation. The 
energy emitted by a body is called the “emissive power”, and varies with the spectrum and the 
direction of the radiation. The “total emissive power” (in [W/m2]) can be obtained by integrating 
the emissive power over all wavelengths and all directions: 
 𝐸 = ∫ 𝐸𝜆(𝜆)𝑑𝜆
∞
0
  2-2 
where 𝜆 [μm] is the wavelength of the radiation and 𝐸𝜆 [W/m
2
·μm] is known as the “spectral 
emissive power” [8]. By substituting the Planck distribution of blackbody spectral emissive 
power into Equation 2-2, one can calculate the total emissive power of a blackbody. A blackbody 
is a theoretical perfect emitter (and absorber) of radiation, and is used as the standard to which 
real surfaces and emitting bodies can be compared. The blackbody emissive power can be shown 
to reduce to 
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 𝐸𝑏 = 𝜎𝑇
4 2-3 
which is known as the Stefan-Boltzman Law. In this equation, 𝜎 is called the Stefan-Boltzman 
constant, and has a value of 𝜎 = 5.670 × 10−8 [W/m2·K4] [8]. 
 Emissivity is the dimensionless ratio of the radiation emitted by a surface to that of a 
blackbody at the same temperature. While emissivity is in general dependent on both the 
wavelength and the direction of the radiation, for most engineering applications it is sufficient to 
assume that a real body is a “diffuse” emitter. Diffuse in this case means that the intensity of the 
radiation is not dependent on the direction in which it is radiating from a surface. We usually 
consider the “total, hemispherical emissivity,” which is an average over all possible directions 
and wavelengths: 
 𝜀(𝑇) =
𝐸(𝑇)
𝐸𝑏(𝑇)
  2-4 
 In general, radiation incident on a body is reflected off of it, absorbed by it, and 
transmitted through it. However, for many engineering applications, we can assume that the body 
is “opaque” to the radiation (meaning that no radiation is transmitted through it). Different 
materials are opaque to certain wavelengths of radiation, but may be transparent or semi-
transparent to other wavelengths. Brick, for example, is opaque in the visible spectrum but may 
be more transparent to infrared radiation. If a body can be considered opaque to radiation in the 
wavelengths that are of interest, we can consider only the energy exchange at its surface. 
Reflection and absorption are therefore “surface phenomena,” depending only on the wavelength 
of the radiation and surface properties of the body. Absorptivity (α) is the fraction of incident 
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radiation absorbed by a surface, and reflectivity (ρ) is the fraction of incident radiation reflected 
by a surface.  
 Kirchhoff’s Law of thermal radiation helps define the relationship between emissivity 
and absorptivity. Consider several small bodies that are contained within an isothermal enclosure 
that is much larger than any of them (i.e. a blackbody cavity). Within the cavity, under steady-
state conditions, all bodies eventually come to be in thermal equilibrium with surface of the 
cavity [9]. They therefore have the relationship 
 
𝐸1(𝑇𝑠)
𝛼1
=
𝐸2(𝑇𝑠)
𝛼2
= ⋯ = 𝐸𝑏(𝑇 𝑠) 2-5 
where 𝑇𝑠 [K] is the surface temperature of the enclosure. An alternative form of the law is 
 
𝜀1
𝛼1
=
𝜀2
𝛼2
= ⋯ = 1  2-6 
hence, for any surface enclosed within the cavity, 
 𝜀 = 𝛼  2-7 
Kirchoff’s Law holds for diffuse, “gray” surfaces as well as ideal blackbody conditions. Here, 
gray means that both the emissivity and absorptivity are independent of the wavelength of the 
radiation. This is a reasonable assumption if the spectral regions of the irradiation and emission 
are not widely separated, and therefore this assumption is commonly used [8]. 
 An energy flux called “irradiation” is used to quantify the radiant energy incident on a 
surface. The total irradiation (𝐺) is defined as the rate at which radiation is incident on a surface, 
from all directions, per unit area of the surface. Irradiation depends on the wavelength of the 
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radiation, but the total irradiation is an average over all possible wavelengths, and has units of 
[W/m
2
]. 
 The radiant energy leaving a surface is quantified by a flux known as “radiosity” (𝐽). 
Analogous to irradiation, the total radiosity is defined as the rate at which all radiation leaves a 
unit area of the surface, for all possible wavelengths and also has units of [W/m
2
]. Radiosity 
includes both emitted and reflected radiation. Both quantities are discussed in more detail in the 
next Chapter (see Surface-to-Surface Radiation in Section 3.2). 
 Radiation between surfaces is complicated by the fact that not all radiation leaving a 
surface will become incident on another, or arrive at anywhere near the same angle. To account 
for this, surface to surface radiation calculations usually involve a “view factor.” The view factor 
𝐹𝑖𝑗 is the fraction of the radiation leaving surface 𝑖 that is intercepted by surface 𝑗, and is given 
by 
 𝐹𝑖𝑗 =
1
𝐴𝑖
∫ ∫
cos 𝜃𝑖 cos 𝜃𝑗
𝜋𝑅2
𝑑𝐴𝑖𝑑𝐴𝑗
𝐴𝑗𝐴𝑖
  2-8 
where 𝐴𝑖 [m
2
] is the area emitting on surface 𝑖, 𝜃𝑖 [rad] is the angle from the normal of surface 𝑖 
at which the radiation is travelling, and 𝑅 is the “line of sight” distance between the surfaces. 
Variables with subscript 𝑗 have the same definitions, but apply to surface 𝑗. Equation 2-8 holds 
for surfaces that are diffuse emitters and reflectors with uniform radiosity. 
 The net radiative heat transfer from a surface 𝑖 can be expressed as [9] 
 𝑞𝑖 = 𝐴𝑖(𝐸𝑖 − 𝐴𝑖𝐺𝑖)  2-9 
or 
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 𝑞𝑖 =
𝐸𝑏𝑖 − 𝐽𝑖
(1 − 𝜀𝑖)/𝜀𝑖𝐴𝑖
  2-10 
where 𝐸𝑏𝑖 is the total emissive power of a blackbody at the temperature of the surface. These 
expressions can be used to solve surface-to-surface radiation problems analytically using a 
“network representation” (thermal resistance model) [9]. 
  
2.2.2 Spacecraft Thermal Analysis and Control 
 All spacecraft include some form of thermal control subsystem. Thermal control is of 
particular importance due to heavy reliance on electronic devices and the harsh environment of 
space. Basically, the role of the thermal subsystem is to ensure that all spacecraft components 
remain within their required temperature limits at all times [10]. These limits are typically 
defined as operational and survival temperature ranges. An operational limit is the range from 
the coldest to the hottest temperatures within which the component will function correctly. A 
survival limit is more absolute; a component may sustain permanent damage if it becomes hotter 
than the hottest or colder than the coldest temperatures in its survival range. On larger spacecraft, 
wide temperature gradients (i.e. differences in temperature) may cause structural deformation. 
 The space thermal environment is harsh, but relatively simple to model as a background 
condition. Objects in space reach extremely cold equilibrium temperatures, on the order of 100K 
within our solar system down to a minimum of about 3K in interstellar space. Near-vacuum 
conditions mean no convection, so the only modes of heat transfer are conduction and radiation. 
For a spacecraft in Earth orbit, the significant external sources of heat are solar radiation (solar 
flux), reflected solar radiation from the Earth (albedo), and Earth infrared (blackbody) radiation 
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[10]. Internally, aside from active thermal control mechanisms (e.g. heating provided by decay of 
a radioactive isotope), the only significant source of heat is the energy dissipated by electrical 
components. Thermal control is therefore focused on balancing the internal and external heat 
energy absorbed by the spacecraft with the heat that is transferred away from it, and then on 
meeting any special requirements for specific components or conditions.  
 The overall flow of the thermal design process follows a few basic steps: one must 
specify thermal design conditions/requirements, calculate the thermal loads on the spacecraft, 
create an initial design, calculate the thermal conditions of the design, and revise the design to 
meet the thermal requirements [10]. This refinement typically requires much iteration, as does 
the spacecraft design process in general.  
 Thermal design requirements are a combination of the conditions that need to be met by 
the thermal subsystem and external factors that limit the design. These conditions include: the 
temperature limits for each component; mission parameters such as launch, orbit, and the 
expected lifetime of the spacecraft; space environmental factors; and the requirements for 
interfacing with other subsystems such as payloads, structures, electrical power, attitude control. 
Most requirements are dictated by the mission. 
 The thermal loads on the spacecraft can be broken down into environmental loads (in 
LEO, the primarily radiation source is from the Sun and Earth) and heat dissipated by the 
spacecraft components. The environmental loads are usually calculated using software such as 
MATLAB, STK, or ESARAD, which can reference known radiation data and correlate it with 
the orbit and geometry of the spacecraft. The heat dissipated by the internal components can be 
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calculated based on electrical properties and manufacturer specifications (especially for 
commercial, off-the-shelf (COTS) components). 
 The simpler a design can be, the less mass and energy it will likely require, making a 
simple design the best overall option. Therefore the first iteration of a thermal subsystem design 
assumes a passive thermal control configuration. For this assumption, we calculate the thermal 
conditions for worst-case hot and cold scenarios, as well as beginning of life (BOL) and end of 
life (EOL) conditions. The design is then adjusted to better meet the previously determined 
thermal design requirements. Special circumstances such as ground transport, launch, or low 
power modes must also be considered, as the thermal control subsystem is responsible for 
maintaining temperatures during all mission stages. These calculations are typically completed 
using a geometrical mathematical model (GMM) to compute parameters like radiation view 
factors that depend strongly on the geometry of the spacecraft and a thermal mathematical model 
(TMM) for the calculation of the temperature, usually solved numerically with the help of 
software. The first pass is typically performed by assuming a steady state energy balance and 
calculating one average temperature for the entire spacecraft. Although it is a crude estimation, 
this calculation is a good first step in the analysis as it can raise red flags for extreme 
temperatures. It is accomplished by performing a simple heat flux balance of the energy 
absorbed by and radiated from the spacecraft, as per the following equation: 
 𝑄𝑖𝑛 = 𝑄𝑜𝑢𝑡 2-11 
 𝑄𝑆 + 𝑄𝐴 + 𝑄𝐸 + 𝑄𝐼 = 𝑄𝑟𝑎𝑑 2-12 
Where 𝑄𝑆 is solar power, 𝑄𝐴 is albedo, 𝑄𝐸 is Earth infrared radiation, 𝑄𝐼 is internally dissipated 
power, and 𝑄𝑟𝑎𝑑 is the energy radiated by the spacecraft to space. A simple thermal resistance 
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model and known equations or trends are typically used to determine these values [10, 20, 17, 
24]. Next there is more complex modeling, time dependent modeling, analysis of different 
mission phases, and eventually physical testing to ensure reliability and survivability. 
 The thermal subsystem design is usually of the same basic form for 3-axis stabilized 
spacecraft. Standard methods are to insulate the spacecraft from its environment using multi-
layer insulation (MLI) blankets while providing radiator areas with low solar absorptance and 
high IR emittance so that waste heat can be rejected to space [10]. Many simulation runs might 
be performed to determine optimal radiator size and the effects of various parameters on the 
spacecraft temperature. If passive control is insufficient in maintaining acceptable temperatures, 
the design becomes increasingly active and complex as necessary. 
 Thermal control techniques can be generally divided onto two categories: passive and 
active. Examples of passive thermal control include surface coatings and radiators. Common 
active thermal control mechanisms include electric heaters and fluid-filled heat pipes. Active 
thermal control methods tend to be more complex, massive, and expensive [10]. In the case of a 
CubeSat, the structure is small and simple and space and energy are scarce. It would therefore be 
unreasonable to allocate resources to an active thermal control system. Active thermal control 
might be unavoidable for specific applications, such as an instrument that functions at cryogenic 
temperatures. Still, unless it is absolutely necessary, only passive thermal control methods are 
employed to maintain required temperatures for the spacecraft bus and components. 
 Some of the most widely utilized passive thermal control mechanisms are surface 
finishes, insulation, radiators, and the strategic placement of internal components. Surface 
finishes are designed to be conducive to the type of radiation desired on the surface. Internal 
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surfaces are commonly coated with black paint to absorb emitted energy, while exterior surfaces 
might be coated with solar reflectors such as polished metals or white paint to reject solar 
radiation but allow blackbody emissions from the spacecraft. Insulation is used on most 
spacecraft, the most common type in space being multi-layer insulation blankets (MLI) [10]. 
Heat that needs to be removed from the spacecraft is typically released into space by radiators. 
These can be panels mounted on the spacecraft, deployed by the spacecraft or be a part of the 
spacecraft structure itself. The radiators are usually given surface finishes with high infrared 
emissivity to reject waste heat and low solar absorptivity to minimize heat taken in from the sun 
(similar to the coatings, but with more of a focus on letting heat radiate away from the 
spacecraft). No matter which thermal control mechanisms are used, a large part of the design is 
the strategic placement of internal components to match their temperature limits with the 
temperature distribution of the spacecraft throughout the mission. Components that produce a 
significant amount of heat or need to remain cooler are therefore placed near or on radiators, 
while components that might need to remain warmer might be placed near the sun-facing side of 
a spacecraft. 
 Much goes into spacecraft thermal design, and like all spacecraft design it is a highly 
iterative process. The scope of this project is to create a model by which to predict spacecraft 
temperatures and allow for easy variation of conditions and parameters to facilitate and simplify 
the design process. 
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2.2.3 Thermal Modeling of Circuit Boards 
Printed circuit boards (PCBs) are complex structures usually made up of layers of copper 
and glass fiber reinforced (fiberglass) epoxy resin, making them difficult to model directly. The 
layered structure and sharp difference in thermal conductivity between materials leads to highly 
anisotropic thermal conductivities. Since actually modeling each layer at such small scales and in 
such detail requires a lot of computational effort and time, the typical practice is to treat the 
circuit board as a homogenous material and use an “effective thermal conductivity” [11, 12, 13, 
14, 15].  
There has been much research on the most accurate way to estimate the effective thermal 
conductivity, as it depends strongly on factors such as the number and placement of the layers, 
the geometry of the board, and even the size of the components [11, 13, 14]. There are two main 
approaches. The first is to calculate two thermal conductivities, one parallel to the layers of the 
board (“in-plane”) and one perpendicular to the layers (“through-plane”) [13]. These values are 
used together to create an anisotropic quasi-1D resistance model. The second approach is to 
estimate just one effective thermal conductivity, which is often a type of average of the in-plane 
and cross-plane values [13, 14]. For very small components, the anisotropic representation is 
more useful [14]. For modeling on a larger scale, the homogenous model provides accurate 
prediction of temperature without overburdening complexity. 
More recently, other methods of PCB thermal modeling without the use of an effective 
conductivity have been proposed. One method involves dividing a board into nodes and using 
data from each internodal region to calculate thermal conductivity values between nodes. The 
data comes from bitmaps of a fully detailed CAD model of the board in question, but allows the 
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heat transfer problem to be solved without having to model the full physical details of the PCB 
[16].  
 For the purposes of this model, such complex methods are unnecessary. On the scale of a 
complete CubeSat, the homogenous model provides a good balance between accuracy and 
computational power. Fairly reliable methods of estimating the effective thermal conductivity 
can be found in references 11, 13 and 14. In this general model, the thermal conductivity of FR-4 
(a flame retardant, glass fiber reinforced epoxy laminate) was used as an arbitrary placeholder 
value for the effective thermal conductivity; this value can be easily replaced by a numerical 
value as well as a time or temperature-dependent expression. 
 
2.3 Approaches to CubeSat Thermal Analysis 
 The thermal analysis performed by CubeSat design teams has generally followed the 
process described in Section 2.2.2, but methods of modeling the spacecraft to determine the 
temperature, which is the focus of this project, have evolved as thermal and mechanical 
modeling software and computational capabilities have improved. I reviewed a number of 
methodologies employed by previous CubeSat design teams. This section outlines the range of 
those methods in order to give some context for the method presented here. 
 The first step in CubeSat thermal analysis (and spacecraft thermal analysis in general) is 
to obtain an equilibrium temperature for the entire satellite, as described in Section 2.2.2. The 
equation is then solved for temperature for the worst-case hot and worst-case cold scenarios of 
the satellite, typically in full solar illumination and eclipse, respectively. Finally, the equation is 
solved over the conditions of the entire orbit or several orbits, using various time-dependent 
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equations to determine the values of the environmental parameters at different points in the orbit. 
Several teams have used this kind of analysis for their thermal design [22, 24]. However, most 
teams used this data as a preliminary analysis and then moved on to a more detailed thermal 
analysis through numerical solutions of thermal and geometrical mathematical models [17, 20, 
23]. 
 The next level of complexity in CubeSat thermal modeling is one that uses more complex 
mathematical models, typically aided by software to obtain numerical solutions to heat flow 
equations through basic geometric modeling. These models tend to take into account the basic 
shape of the CubeSat and the circuit boards within it, though they are still fairly simple with 
regards to geometry and realistic rendering, utilizing 2D representations and/or purely 
mathematical models involving multiple thermal nodes [19, 20, 23, 25, 26]. In all cases, the 
teams had to strike a balance between realistic detail and efficient modeling and computation, 
which was difficult to do in the early 2000s. Thus many teams developed their own methods of 
thermal modeling, sometimes involving two or more software platforms to complete different 
parts of the computations [18, 19, 20, 25]. Software utilized includes MATLAB (The 
MathWorks, Inc., Natick, MA), SimuLink (built on MATLAB), Saber (Synopsis, Inc., Mountain 
View, CA), ABAQUS (Dassault Systèmes, Vélizy Villacoublay, France), Thermal Desktop 
(Cullimore & Ring Technologies, Inc., Boulder, CO) and ANSYS Icepak (ANSYS Inc., 
Canonsburg, PA). However, newer software has combined many functions and calculations, 
making this kind of layered calculation largely unnecessary. 
 More recent CubeSat design teams have utilized spacecraft design-specific and finite 
element analysis software to create their thermal models. The most common software used has 
been ESATAN/ESARAD (Alstom Aerospace, Whetstone, Leicester, United Kingdom), which 
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allows for both simple 3D geometrical modeling and transient solutions over satellite orbits [17, 
21]. The model presented in this paper seeks to build on this phase of thermal modeling by 
allowing the modeling of multiple physics using COMSOL, allowing for greater detail and 
accuracy in the model. 
 It is important to remember that these thermal models are all ways of determining the 
temperature distribution of a CubeSat, which is only one part of the thermal analysis process. 
The results from these models can then be used to determine accurate worst-case hot and cold 
conditions for specific areas of the satellite, thermal cycles over multiple orbits, and to complete 
the rest of the thermal analysis process. Increased detail in the thermal model provides more 
accurate and informative results, which can in turn be used to improve the overall design of the 
satellite with regards to thermal considerations. For example, knowing the specific temperature 
of the batteries at any given time rather than the average internal temperature can lead to better 
design choices earlier in the design process, and hopefully more efficient thermal design and 
better survivability of the final product.  
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3.0 Methodology 
 This chapter is organized into sections as follows: a section on the selection and 
capabilities of COMSOL Multiphysics as a tool for modeling heat transfer; a section on the 
governing equations of the model; a section on the boundary conditions and other equations used 
to model relevant physics, including initial conditions and settings; and a section on the iterative 
assembly of a complete model (i.e. implementation). 
 
3.1 COMSOL 
 Various programs were considered for use in this project, beginning with the first thermal 
analysis of the WPI CubeSat. It was clear that an informative and efficient method of modeling 
the thermal state of the spacecraft was through finite element analysis (FEM). From there, 
several candidate programs were considered: ANSYS (ANSYS, Inc., Canonsburg, PA), 
COMSOL (COMSOL, Inc., US subsidiary of COMSOL AB, Stockholm, Sweden), and the 
thermal modeling tool within SolidWorks (Dassault Systèmes SolidWorks Corp., Waltham, 
MA). I considered several figures of merit: ease of use, accuracy of modeling/results, and 
compatibility with existing spacecraft models.  
 Since I did not have much experience with any of the software, ease of use was an 
important consideration. ANSYS, while a powerful finite element analysis tool, only contained a 
very basic graphical user interface (GUI), and thus necessitated knowledge of command line 
control and modeling, which meant a steep learning curve. Additionally, WPI had no resident 
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expert or training classes on the software at that time. Both COMSOL and SolidWorks had well-
developed GUIs, and there were many advanced SolidWorks users available to answer questions. 
 I assessed the potential accuracy of results by considering the equations solved by the 
software and the simplifications used. The basic governing equations describing the thermal 
processes of interest were the same for all of the options, but COMSOL offered the greatest 
degree of customizability. The SolidWorks thermal modeling tool was actually quite limited in 
its options, and it imposed a level of simplification on the modeling that was undesirable. In 
addition, it was my intention to eventually complete a time-dependent temperature analysis of 
the satellite, and had already obtained boundary condition data for a series of complete orbits 
from the Systems Tool Kit (STK). COMSOL seemed to present the easiest shift from stationary 
to time-dependent analysis using that data. Finally, COMSOL was able to solve for multiple 
physical conditions simultaneously, taking into account the interaction of different types of 
physics (such as the combined thermal and mechanical stresses on a part). ANSYS had the 
capability to more quickly solve for individual physical results, but their combination was much 
less straightforward.  
 The last important area of consideration was that of the software’s compatibility with 
externally created models. 3D CAD models of the basic spacecraft had been created in 
SolidWorks by multiple CubeSat MQP teams at WPI. Additionally, some of the components, 
such as the spacecraft frame and solar panels, were to be commercial-off-the-shelf (COTS), and 
thus detailed SolidWorks part and assembly models created by the manufacturer were available 
(and had been integrated into the complete spacecraft assembly). It made little sense to recreate 
the models within a specific program for the sole purpose of thermal analysis. The SolidWorks 
thermal analysis tool had the clear advantage in this respect: the models had been created within 
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it and all of the details could be preserved. COMSOL and ANSYS both support import of CAD 
models created in SolidWorks, but not all features were supported. Also, as the team began to 
experiment, it became clear that the finite element meshing in COMSOL was unreasonably slow 
or did not converge at all with certain complex geometries, and some parts needed to be 
simplified before import. I did not do as much experimentation with ANSYS, but similar 
problems arose. 
 On the basis of these figures of merit, and taking into account possibilities for future 
analysis, COMSOL was eventually chosen. The model import capabilities were acceptable, and 
its physics capabilities, advanced and easy-to use GUI, and potential for increasingly complex 
thermal analysis set it apart. 
 
3.2 Governing Equations 
 I attempted to simulate the most significant heat-transfer effects on the interior of the 
spacecraft. These were conduction and radiation; convection does not come into play in the near-
vacuum of space. Within COMSOL, these physical phenomena are represented by their 
respective governing equations, grouped within what are called “physics interfaces.” To 
approximate heat transfer in a solid body in space, I chose to use Heat Transfer in Solids 
(conduction), with boundary conditions of Surface-to-Surface Radiation and Surface-to-Ambient 
Radiation. All equations can be found in the COMSOL documentation [28]. 
 The governing equation for Heat Transfer in Solids is the Heat Diffusion Equation, 
represented in COMSOL generally as 
 
𝜌𝐶𝑝 (
𝑑𝑇
𝑑𝑡
) + 𝜌𝐶𝑝(?̂? ∙ ∇𝑇) = ∇ ∙ (𝑘∇𝑇) + 𝑄 
3-1 
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 which, for a stationary solution, simplifies to 
 𝜌𝐶𝑝?̂? ∙ ∇T = ∇ ∙ (k∇T) + Q 3-2 
 
The temperature, T [K] is the dependent variable. Q [W/m3] represents any additional heat source 
or sink, and is zero unless defined in a separate region within the heat transfer solution domain. ?̂? 
is a fluid velocity vector for advective heat flow ([m/s]), which in the case of conductive heat 
transfer through only solid bodies is zero. The scalar material properties 𝜌 (density in [kg/m3]), 
𝐶𝑝(heat capacity in [J/(kg∙K)]), and k (thermal conductivity in [W/(m∙K)]) are taken directly 
from the assigned material within the COMSOL property library, and can also be defined 
manually as constants or equations in their own right. For this proof-of-concept model, almost all 
material properties were assumed to have constant values and based on existing material data 
from the COMSOL library. 
 
3.3 Boundary Conditions 
COMSOL sets up its equations by using physics “interfaces”, each of which contains one 
or more governing equations, in their most general form, and a series of default boundary 
conditions. A given domain may have more than one physics mode governing the solution. As 
the user adds physics to the interface, the boundary conditions are “overridden” on selected 
boundaries by the conditions or equations specified. The “interface” used in the model is Heat 
Transfer in Solids, as described in the previous section. The boundary conditions relevant to this 
work are described in the subsections below. 
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Thermal Insulation 
 There are several default boundary conditions assigned to Heat Transfer in Solids. Until 
overridden by user specified boundary conditions, all boundaries within the model have a 
condition of Thermal Insulation: 
 
−?̂? ∙ (−𝑘∇𝑇) = 0 3-3 
 
in which ?̂? is the unit vector normal to the boundary surface. The equation simply means that no 
heat transfer is taking place across the external boundaries of the domains.  
 
Constant and Uniform Heat Flux 
Solar flux and other incoming radiation can be modeled using the Heat Flux boundary 
condition. Its default is inward heat flux, normal to the boundary: 
 
−?̂? ∙ (−𝑘∇𝑇) = 𝑞0 3-4 
 
where the inward heat flux, 𝑞0 [W/m
2
], can be input directly as a constant or reference another 
equation or a set of data (like most variables in COMSOL).  
 
Radiative Heat Flux 
 Within the model, all solid objects are assumed to be ideal gray bodies, i.e.  
 𝛼 = 𝜀 = 1 − 𝜌 3-5 
 
where 𝜀 is the surface emissivity (as defined by the material), 𝛼 is the absorption, and 𝜌 is 
reflectivity.  
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 The radiosity of a surface, 𝐽 [W/m2], is the sum of reflected and emitted radiation from 
the body. It is defined in COMSOL by  
 
𝐽 = 𝜌𝐺 + 𝜀𝜎𝑇4 3-6 
 
where 𝜎 [W/(m2∙K4)] is the Stefan-Boltzmann constant, 𝐺 [W/m2] is irradiance, and 𝑇 [K] is the 
surface temperature. The term 𝜌𝐺 represents reflected radiation and 𝜀𝜎𝑇4 represents emitted 
radiation. The irradiance (also called incident radiation), 𝐺, is generally defined as the sum of all 
radiation incident to a surface. 
 The net inward radiative heat flux, therefore, is the difference between the radiation 
incident to the surface (irradiance) and the reflected and emitted radiation (radiosity): 
 
𝑞 = 𝐺 − 𝐽 3-7 
 
or, for ideal gray bodies, 
 
𝑞 = 𝜀(𝐺 − 𝜎𝑇4) 3-8 
 
 
Surface-to-Ambient Heat Flux 
 For all surfaces exposed to open space, a condition of Surface-to-Ambient Radiation was 
used. It is assumed that the surroundings behave as an ideal blackbody as per Kirchoff’s law (i.e. 
transmission 𝜏 = 0, reflectivity 𝜌 = 0, so 𝜀 = 𝛼 = 1) and that the ambient temperature, 𝑇𝑎𝑚𝑏 
[K], is constant. Therefore, the incident radiation on a body comes from all sides and is equal to 
the radiated energy of the blackbody: 
 
𝐺 = 𝑒𝑏(𝑇𝑎𝑚𝑏) = 𝜎𝑇𝑎𝑚𝑏
4 3-9 
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Substituting this into equation 3-8 gives the net inward heat flux across a boundary: 
 −?̂? ∙ (𝑘∇𝑇) = 𝜀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4) 3-10 
 
 
Surface-to-Surface Heat Flux 
The last radiative boundary condition used was that of Surface-to-Surface Radiation. This 
mode is defined by the same basic radiative heat flux equation: 
 
𝑞 = 𝐺 − 𝐽 
 
3-11 
At a point in general, the irradiance G is a sum of the irradiance from all sources: 
 
𝐺 = 𝐺𝑚 + 𝐺𝑒𝑥𝑡 + 𝐺𝑎𝑚𝑏 
 
3-12 
𝐺𝑚 is the mutual irradiation incoming from all other boundaries in the model. 𝐺𝑒𝑥𝑡 is the 
irradiation from external sources, and is calculated by adding the product of the heat source view 
factor and the radiosity for each source. 𝐺𝑎𝑚𝑏 is defined as 
 
𝐺𝑎𝑚𝑏 = 𝑛
2𝐹𝑎𝑚𝑏𝜎𝑇𝑎𝑚𝑏
4 
 
3-13 
Where 𝑛 is the “transparent media reflective index” and 𝐹𝑎𝑚𝑏 is an “ambient view factor” that  
corresponds to the fraction of the field of view not covered by other boundaries.  
 𝐺𝑚 is the main factor in surface-to-surface radiation, and is a function of the radiosity at 
every other point in view. (The radiosity (𝐽) is the sum of the reflected and the emitted 
irradiation, and is defined in Equation 3-5.) At the same time, 𝐽 is a function of a factor that 
COMSOL denotes as 𝐺𝑚′, which is a surface integral “determined from the geometry and the 
local temperatures of the surrounding boundaries,” which eliminated the need for calculating 
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individual view factors between each surface and every other. Therefore, 𝐺𝑚 is evaluated with an 
implicit radiation balance: 
 
𝐽 = (1 − 𝜀)𝐺 + 𝜀𝑒𝑏(𝑇) = (1 − 𝜀)(𝐺𝑚(𝐽) + 𝐺𝑒𝑥𝑡 + 𝐺𝑎𝑚𝑏) + 𝜀𝑒𝑏(𝑇) 
 
3-14 
 
𝑒𝑏(𝑇) [W/m
2
] is the blackbody emissive power, given by 
 
𝑒𝑏(𝑇) = 𝑛
2𝜎𝑇4 3-15 
 
 
Highly Conductive Layers 
 The Highly Conductive Layer condition was applied to represent the solder connection 
between the bottom of the silicon chip and the PCB. The general form of the governing equation 
in COMSOL is 
 
𝑑𝑠𝜌𝑠𝐶𝑠
𝜕𝑇
𝜕𝑡
+ ∇𝑡 ∙ (−𝑑𝑠𝑘𝑠∇𝑡𝑇) = 𝑞𝜕Ω − 𝑞Ω + 𝑑𝑠𝑄𝑠 = −𝑞𝑠 
3-16 
 
In this equation: 
𝑑𝑠 is the layer thickness in [m] 
𝜌𝑠 is the layer density in [kg/m
3
] 
𝐶𝑠 is the layer heat capacity in [J/(kg∙K)] 
𝑘𝑠 is the layer thermal conductivity in [W/(m∙K)] 
∇𝑡 is the del operator on the plane of the layer  
𝑞𝜕Ω is the heat flux from the surroundings (or another domain) into the layer in [W/m
2
] 
𝑞Ω is the heat flux from the layer into the domain in [W/m
2
] 
𝑄𝑠 represents any heat generated by the layer in [W/m
2
] 
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𝑞𝑠 is the net outflux of heat through the top and bottom faces of the layer in [W/m
2
] 
 
 For the stationary solution, this equation can be simplified to a boundary condition: 
 −𝒏 ∙ (−𝑘∇𝑇) = 𝑑𝑠𝑄𝑠 − ∇𝑡 ∙ (−𝑑𝑠𝑘𝑠∇𝑡𝑇) 3-17 
 
on the domain. The temperature gradient on the left hand side of this equation corresponds to the 
domain in which we are solving, while the temperature gradient on the right is within the layer as 
denoted by the “t” subscript. The thermal conductivity value comes from the material data within 
COMSOL, and the thickness 𝑑𝑠 can be defined directly by the user, but by default is equal to 
0.01 m. 
 
Thin Thermally Resistive Layer 
 The Thin Thermally Resistive Layer condition was assessed as an approximation for the 
limited thermal conductivity that exists between real surfaces. By default, COMSOL treats 
directly contacting surfaces as perfect conductors of heat. As conduction is the primary mode of 
heat transfer in space, this can cause significant error in thermal modeling. The equations 
governing the Thin Thermally Resistive Layer are divided into an “upside” and “downside” 
equation, corresponding to each of the surfaces between which the layer is situated: 
 −𝒏𝑢 ∙ (−𝑘𝑢∇𝑇𝑢) = −𝑘𝑠
𝑇𝑑 − 𝑇𝑢
𝑑𝑠
 3-18 
 
 −𝒏𝒅 ∙ (−𝑘𝑑∇𝑇𝑑) = −𝑘𝑠
𝑇𝑢 − 𝑇𝑑
𝑑𝑠
 3-19 
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In both equations 𝑑𝑠 is the thickness of the layer in [m] and 𝑘𝑠 is the thermal conductivity of the 
layer material in [W/(m∙K)]. 𝑇 refers to the temperature, 𝒏 is the positive-normal unit vector of 
the surface, and all variables have a “u” subscript for the upside and “d” subscript for the 
downside. 
 The Thin Thermally Resistive Layer can also be defined by its thermal resistance, 𝑅𝑠: 
 𝑅𝑠 =
𝑑𝑠
𝑘𝑠
 3-20 
 
The thermal resistance has units of [s
3∙K/kg] and its value can be input directly by the user if it is 
known. The default settings of 𝑑𝑠 and 𝑘𝑠 are 0.005 m and 0.01 W/(m∙K), respectively. 
  
Thermal Contact Condition 
 The Thermal Contact boundary condition creates a more realistic approximation for heat 
transfer between two contacting surfaces. The Thermal Contact condition takes into account 
several approximations for conductance across rough surfaces. The basic equations, for the up- 
and down-sides of the boundary, are 
 −𝒏𝒅 ∙ (−𝑘∇𝑇) = −ℎ(𝑇𝑢 − 𝑇𝑑) + 𝑟𝑄𝑓𝑟𝑖𝑐 3-21 
 
 −𝒏𝒖 ∙ (−𝑘∇𝑇) = −ℎ(𝑇𝑑 − 𝑇𝑢) + (1 − 𝑟)𝑄𝑓𝑟𝑖𝑐 3-22 
 
where 𝑇𝑢 and 𝑇𝑑 are the temperatures in [K] of the up- and down-sides, respectively, and 𝑄𝑓𝑟𝑖𝑐 is 
the “friction heat” in [W/m2]. 𝑟 is a parameter for the distribution of friction heat between the 
surfaces, based on their roughness. ℎ is called the “joint conductance” [W/(m2∙K)] of the contact, 
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and consists of the constriction conductance, ℎ𝑐, the gap conductance, ℎ𝑔, and the radiative 
conductance, ℎ𝑟: 
 ℎ =  ℎ𝑐 + ℎ𝑔 + ℎ𝑟 3-23 
 
 The constriction conductance represents the heat transfer through the contact points of the 
surfaces, the gap conductance accounts for any fluid between the surfaces, and the radiative 
conductance becomes significant at that scale when the temperature of the surfaces is sufficiently 
high (>600 ̊ C). The theory behind these terms is based on “surface asperities”, or the ridges and 
pits that occur at the microscopic level on a real material, and other parameters such as the 
contact pressure between the surfaces, fluid between the surfaces, and emissivity of the surfaces. 
The full definitions of the different conductance terms can be found in the COMSOL 
documentation [28]. 
 The variable 𝑟 in Eqns. 3-21 and 3-22 is used to split up the contribution of friction heat 
based on the materials and their properties. It is based on Charron’s relation [28]: 
 𝑟 =
1
1 + 𝜉𝑑
 3-24 
 
where, for the upside (𝑢) and downside (𝑑),  
 
𝜉𝑑 = √
𝜌𝑢𝐶𝑝,𝑢𝑘𝑢
𝜌𝑑𝐶𝑝,𝑑𝑘𝑑
 3-25 
 
and 
 (1 − 𝑟) =
1
1 + 𝜉𝑢
 3-26 
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where 
 
𝜉𝑢 = √
𝜌𝑑𝐶𝑝,𝑑𝑘𝑑
𝜌𝑢𝐶𝑝,𝑢𝑘𝑢
 3-27 
 
 
 The settings of the Thermal Contact condition used in the final model are given in Table 
3-1: 
Table 3-1: Thermal Contact Condition Settings 
Description Variable Setting 
Constriction 
Conductance 
N/A 
Cooper-Mikic-Yovanovich 
correlation
1
 
Gap Conductance ℎ𝑔 0 [W/(m
2∙K)] 
Radiative Conductance N/A Gray-diffuse parallel surfaces 
Surface Roughness (avg. 
height of asperities) 
𝜎𝑎𝑠𝑝 1 [µm] 
Surface Roughness (avg. 
slope of asperities) 
𝑚𝑎𝑠𝑝 0.4 [µm/µm] 
Contact Pressure p 200 [kPa] 
Microhardness 𝐻𝑐 3 [GPa] 
Friction Heat 𝑄𝑓𝑟𝑖𝑐 0 [W/m
2
] 
 
 
Initial Conditions 
 The initial conditions used in all of the model studies were the initial internal and ambient 
temperatures of the satellite and its surroundings, respectively. These values, along with certain 
other key settings, were defined as global parameters. A “global parameter” is a user-defined 
variable within a COMSOL model that can then be referenced by name throughout the model. 
With this method, it is easier to redefine or adjust the variables all at once, since changes in the 
                                                 
1
 The Cooper-Mikic-Yovanovich (CMY) correlation relates the constriction conductance (from contact spots) to the 
asperities and pressure loads at the surface interface. It is valid for isotropic rough surfaces and assumes plastic 
deformation of surface asperities. See reference 29. 
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definition affect all instances of the variable’s use. The globally defined model parameters (as 
used in the final model) can be seen in Table 3-2. 
 
Table 3-2: Global Parameter Definitions 
Parameter Variable Name Value in 
[Units] 
Initial Solid Temperature T0 293.15 [K] 
Initial Internal Temperature T0int 200 [K] 
Temperature of Space Tspace 100 [K] 
Emissivity of Aluminum e_al 0.02 
Emissivity of FR-4 e_fr4 0.9 
Emissivity of Silicon e_si 0.6 
Heat Source Power P 0.16 [W] 
Solar Flux sflux 1370 [W/m
2
] 
 
 
Volumetric Heat Source 
 A Heat Source, specifically a volumetric heat source, is defined by 
 
𝑄 =
𝑃𝑡𝑜𝑡
𝑉
 3-28 
 
where 𝑃𝑡𝑜𝑡 is the total power dissipated by the heat source and 𝑉 is its volume. There are several 
ways to define a heat source in COMSOL, but only a volumetric heat source was used in this 
model.  
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3.4 Implementation 
The initial thermal analysis of the WPI CubeSat project was split into two parts: the 
external and the internal components of the satellite [5]. Eventually, future student teams 
working on the WPI CubeSat will be able to combine them into a complete model to assess the 
need for thermal control to maintain operational temperatures for all components. Therefore, this 
project focused on internal thermal modeling and integrating the results into a complete CubeSat 
model. 
The first step was research of other methods of CubeSat thermal analysis, with a focus on 
predicting the temperatures of internal components. I could not find a CubeSat modeling method 
that fit the needs of this project (see Section 2.3). The focus of the project then became creating a 
model of (and, more importantly, a method of modeling) the internal thermal state of a CubeSat, 
especially the essential electronic components. The analysis and methods used in this work are 
meant to be applicable to any basic CubeSat mission, not specifically the WPI design.  
Generally, my approach was to build up the model over a series of iterations, adding 
complexity as I progressed. At each stage, I created a 3D model of a part of the spacecraft, 
imported it to COMSOL, and meshed and solved for the temperature distribution to ensure that 
there were no errors and that the results were reasonable. I then added the next level of 
complexity to the model and repeated the analysis, solving any problems with the model as they 
arose.  
In all cases, only stationary solutions were calculated. Once a model is established, 
meshed and given appropriate boundary conditions, it is an easy step in COMSOL to move to 
time dependent studies. Ideally, the thermal profile will be modeled in a worst-case hot and 
worst-case cold scenario throughout many orbits; this can be achieved by using data from STK 
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or a similar program to create time dependent inputs for some of the boundary conditions. For 
example, solar radiation only acts on the spacecraft when it is not eclipsed by the earth, and may 
act on different faces as the orientation of the spacecraft changes. To model this, a time-
dependent heat flux condition could be set for each external face, with the value changing 
according to STK data. (In fact, for the WPI CubeSat, the 2012 team achieved solutions for the 
external temperature in this manner and the interested reader is referred to their report [5].) 
 
3.4.1 Simple Circuit Board 
 As described in Section 2.1.2, a CubeSat will typically have a stack of circuit boards with 
different electronic components on them. I needed to estimate how much heat each of the typical 
components dissipated to understand the heat distribution within the spacecraft so that the overall 
heat could be designed for. To get an idea of typical values, I looked at the power requirements 
of all of the boards and components in the WPI CubeSat. The power requirements, as compiled 
by the 2013 WPI CubeSat team, are listed in Table 3-3. 
Table 3-3: WPI CubeSat Power Requirements [6] 
Group Component Company 
Part 
Number 
Peak 
Power 
(W) 
Nomina
l Power 
(W) 
Quiescent 
Power (W) 
Current 
(mA) 
Voltage 
(V) 
OBC OBC Tyvak Intrepid 0.300 0.30 0.20     
ADC 
ADC board Clyde-Space 
CS-ADCS-
INT-01 
0.100 0.10 0.10     
Course Sun 
Sensor (5) 
ComTech 
AeroAstro 
CubeSat Sun 
Sensor 
0.000 0.00 0.00 <5 3.3/5 
Fine Sun Sensor 
SSBV Space 
and Ground 
Systems  
Fine Sun 
Sensor 
0.140 0.14 0.14 7.5(26) 
3.3 / 5(5-
50) 
Gyro Surrey ADXRS450 0.030 0.03 0.03 6.0 3.15 - 5.25 
Magnetic 
Torquers (3) 
Zarm Technik 
AG  
MTO 5.1 
(Optimized) 
0.275 0.275 0.14 55.0 5 
Magnetometer Honeywell  HMC5883L 0.000 0.000 0.00 0.100 2.16-3.6 
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GPS 
Surrey 
Satellite 
Technology 
US LLC 
SGR-05U 0.800 0.80 0.80 16.0 5 
Payload Instrument Sphinx NG - XRAY 8.000 8.00 1.00 TBD TBD 
Power 
EPS Board Clyde-Space 
CS-3UEPS2-
NB 
0.100 < 0.1 < 0.1 
over 
current 
protection 
3.3/5/ 
raw battery 
PDM Board Clyde-Space 
CN-SWT-
0035-CS 
0.160 0.16 0.16 
24 switches 
each with 
own 
current 
telemetry 
3.3/5/12/ 
battery 
Battery Clyde-Space 
CS-SBAT2-
30 
      1.25 Ah 8.2 
Front Solar 
Panels 
Clyde-Space 
SP-L-F2U-
0033-CS 
5.200 3.35 0   12.26-7.52 
Side Solar Panels Clyde-Space 
SP-L-S2U-
0031-CS 
15.600 6.70 0.00   12.26-7.53 
Telecom UHF Transceiver ISIS 
Transceiver 
and Antenna 
2.100 0.20 0.00 TBD 6.5-12.5 
   Total 12.005 9.705 2.370   
   
Total 
Available 
50.800 40.050 30.000   
   Margin 38.795 30.345 27.630   
 
 By considering which components used the most power, I determined which would 
probably dissipate the most heat. I looked at the detailed models of the circuit boards provided 
by manufacturers to try and figure out how to reasonably distribute the heat flux among 
components in my model, but the complexity of the entire circuit made it impractical to model in 
detail for the present project. In addition, the total power dissipation was much less than the 
external heat sources; therefore, I chose to model just one circuit board with a lumped heat 
source that dissipated all of the power of the most power-intensive circuit board. The board I 
selected was the Clyde Space Power Distribution Module (PDM). 
The next issue was that of modeling the circuit board itself (i.e. the actual board the 
components are soldered to). Based on the research I had done, I determined that it was 
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reasonable to assume that the circuit board itself was made of a single, homogenous material 
with an effective thermal conductivity (see Section 2.2.3). The material I used in the model was 
FR-4 (a flame retardant, glass fiber reinforced epoxy laminate), which is a common non-
conducting layer choice in PCBs [30]. Foreseeing issues with the finite element mesh, I 
attempted to simplify the manufacturer’s CAD model of the PDM, which was part of the larger 
CubeSat assembly that the WPI team was using (see  
Figure 3-1). However, even stripped of all electronics components, the board still had the 
etching for their placement, which would not mesh successfully ( 
Figure 3-2). In the end I created a new, simplified part with the shape and dimensions of 
the original board but featuring only the standoff holes and holes for the connecting bus (see 
Figure 3-4 in the next section). However, I found that the bus holes did not significantly impact 
the heat distribution of the board, and eventually simplified the board to include only the standoff 
holes (as shown in Figure 3-3). 
 
Figure 3-1: Clyde Space PDM on Circuit Board Stack (© Clyde Space Ltd, 2012) 
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Figure 3-2: PDM Board with Etching for Components (© Clyde Space Ltd, 2012) 
 
Figure 3-3: Simplified PCB for COMSOL Model 
 
 Once I generated a working mesh of the board, I applied the Heat Transfer in Solids 
physics interface with a constant heat flux on an outer edge and Surface-to-Ambient Radiation on 
all boundaries. The initial temperature was set at 293.15 K, the heat flux had a value of 30 W/m
2
, 
and the ambient temperature was set to 200 K. Although FR-4 exists as a built-in material in 
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COMSOL (with many of the physical properties already defined), the surface emissivity is not a 
part of the default properties. This is due to the emissivity’s wide range of possible values, 
dependent on a material’s surface finishing, paint, etc. As a starting placeholder value, the 
emissivity of the FR-4 was set to 0.9. The value can be easily redefined in the future, and my 
primary goal was to ensure that a solution could be obtained. 
 
3.4.2 Circuit Board with Standoffs 
 Next I added standoffs to the board, as had been assumed in the complete CubeSat 
assembly [5], to stack and mount the circuit boards. I used simple standoffs without threading, as 
the threading doesn’t produce a significant difference in the results and the finite element 
meshing of such details would have been inefficient or caused errors.  
 
Figure 3-4: Simple Circuit Board Model with Standoffs 
 
 The model was solved using the Heat Transfer in Solids physics interface with a constant 
heat flux on the bottom surfaces of the standoffs and the Surface-to-Ambient Radiation condition 
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on all surfaces. I chose an aluminum alloy, Al 6063 T83, to be the material for all of the 
aluminum components, since it was a COMSOL built-in material and seemed reasonable for 
aerospace applications. Materials are easily reassigned in an existing model. The emissivity for 
all aluminum parts was defined as 0.02, based on a range of typical values [31]. The heat flux 
was set to a value of 3000 W/m
2
, since the area was small and I wanted to simulate significant 
heat transfer. The initial conditions (temperatures) were the same as in the previous iteration. 
     
3.4.3 Chip Heat Source 
 The next step was to model the heat dissipation originating on the board. I chose to use a 
lumped heat source, specifically a roughly modeled silicon chip at the center of the circuit board. 
A more detailed analysis might include several lumped heat sources in the approximate positions 
of the biggest power dissipaters on the board. This could be accomplished using the same 
methods employed here. 
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Figure 3-5: Simple Circuit Board with Chip Heat Source 
 
 Based on the information about the board provided by the Clyde Space documentation, 
the heat source was defined as volumetric, with a power dissipation of 0.16 W/m
3
 (the total for 
the board) [27]. The data for the internal silicon material did not include surface emissivity, and 
so it was arbitrarily set to 0.6. The solution was obtained for Heat Transfer in Solids and 
Surface-to-Ambient Radiation, with the same initial and boundary conditions. 
 At this point, I began to experiment with thermal boundary layers. First, I added a Highly 
Conductive Layer between the chip and the circuit board, to simulate solder. I used the default 
settings, with the thickness of the layer (ds) at 0.01m. Next I experimented with the Thin 
Thermally Resistive Layer, placed at the contact surfaces of each standoff and the circuit board, 
also with default settings (ds = 0.005 m, ks = 0.01 W/(m∙K)). Finally, I tested the Thermal 
Contact condition between the standoffs and board, again with default settings. Based on the 
results of these tests, explained in detail in section 4.2.1, I determined that a fairly realistic setup 
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of thermal layers was to use the Highly Conductive Layer between the chip and PCB and the 
Thermal Contact boundary condition at the contact points of the board and standoffs, with the 
pressure set to 200 kPa to simulate tightened screws. This configuration was used for the rest of 
the model variations and the final model (baseline case). 
     
3.4.4 Stack Mount 
 The 2013 WPI CubeSat model included a circuit board stack mount, which anchored the 
standoffs and connected all of the boards to the spacecraft frame [5]. I therefore adapted the 
stack mount to my model as an intermediary between the circuit board and the frame, in order to 
more accurately model the heat transfer between them. 
 
Figure 3-6: Circuit Board Stack Mount 
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Figure 3-7: COMSOL Model with Stack Mount 
 
 The model, including the stack mount, was used to solve for the temperature distribution 
using the same Heat Transfer in Solids physics interface and Surface-to-Ambient Radiation 
boundary condition. The chip heat source had a power dissipation of 0.16 W. The Highly 
Conductive Layer was applied to represent solder between the heat source and the board, and the 
Thermal Contact condition with a contact pressure of 200 kPa and all other settings at their 
default was applied at both ends of the standoffs (where the surfaces contact the board and the 
stack mount). The same aluminum alloy, Al 6063 T83 was used for the mount as for the 
standoffs, with all of the same material properties (including surface emissivity). At this stage a 
few key variables, such as the initial and the ambient temperature, emissivities and dissipated 
power were defined as global parameters and referenced by their name throughout the rest of the 
model.  
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3.4.5 CubeSat Frame 
 For the next refinement, I added an aluminum cubical shell the size of a 1U CubeSat as a 
frame to house the internal components. The stack mount was positioned in such a way that it 
does not contact any of the frame surfaces to ensure that the significance of the mounting bolts 
would be clear in the results. 
 
Figure 3-8: COMSOL Model with Simple 1U Cube Frame 
 
 The material was again Al 6063 T83. For this version of the model, I added the Surface-
to-Surface Radiation boundary condition to the stationary study for the inside of the cube. This 
boundary condition only allows the user to specify one radiation source at a time; I therefore 
chose to use two Surface-to-Surface Radiation conditions. The first was the heat source, and the 
second was walls of the cube, with all domains set as “opaque” within the default Opacity 
boundary condition. For each of them, I used the “positive normal direction” for the direction 
setting in the Surface-to-Surface node, and an initial ambient temperature of T0in (globally 200 
K). The Highly Conductive Layer was applied to represent solder between the heat source and 
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the board, and the Thermal Contact condition with a contact pressure of 200 kPa and all other 
settings at their default was applied at both ends of the standoffs (as in the preceding model). The 
outside of the cube received solar flux (Heat Flux boundary condition) on one face and was 
subject to Surface-to-Ambient Radiation on all faces, again to an ambient temperature of Tspace 
(100 K) to represent the “cold sink” of space. The heat flux, 𝑞0, was defined by the global 
parameter sflux as 1370 W/m
2
 (the approximate value of solar flux at earth orbit). 
 
3.4.6 Bolting Mount to Frame 
As a final step, I modeled simple bolts passing through the stack mount and the frame, shown in  
Figure 3-9. This geometry, however, caused multiple meshing errors within COMSOL, 
and so I simplified it further so that the bolts pass through the stack mount and extend up to 
contact with the frame (Figure 3-10 and Figure 3-11).  
 
Figure 3-9: Detail: Model with Bolts Extending Through Frame 
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Figure 3-10: Detail: Model with Bolts Contacting Frame 
 
Figure 3-11: Final 1U CubeSat Model Geometry 
 
 For simplicity, I assumed that the bolts were made from the same aluminum alloy as the 
other aluminum parts. Since the bolts and frame are of the same material, and the initial model 
did not include space between the bolts and bolt holes, the difference was insignificant. This is 
because, if no boundary layer are specified, COMSOL assumes a highly conductive connection 
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between solid objects, even though they are distinct domains. The physics interface applied was 
again Heat Transfer in Solids, with Surface-to-Surface Radiation, Surface-to-Ambient Radiation, 
a Highly Conductive Layer, Thermal Contact, and solar Heat Flux as boundary conditions and a 
volumetric Heat Source to represent the heat generation of the silicon chip. All of the initial 
conditions and settings were as previously described. 
 
3.4.7 Finite Element Meshing 
 An essential part of any finite element model is the mesh. The mesh is the combination of 
individual elements that subdivide a continuous domain (discretize it) so that the governing 
equation(s) can be applied over a large number of small, well-defined domains. There are many 
configurations for the mesh, depending on the shape, size, and distribution of the elements. Some 
meshes are more effective or more appropriate for certain situations. For example, a block could 
be readily divided into square elements, while a curved object like a ball might be better 
approximated by tetrahedral elements. A fluid dynamics problem would probably require a 
different mesh than an electromagnetic problem in order to best capture the solution. The mesh 
should be finer (have more elements of smaller size) for greater detail and coarser (have fewer 
elements of larger size) where detail is not necessary, since the more elements that are included, 
the more computational resources (memory and speed) must be used to obtain a solution. The 
mesh can also be adjusted to highlight aspects of the model that are of interest to the user. One 
might refine the mesh around a corner on which a significant stress is applied, or make the mesh 
simpler over a surface that doesn’t see much variation in temperature. The balance between 
accuracy and computation power/solution time is a significant consideration when attempting to 
model a complex system; the ideal mesh is fine enough to show all significant changes in the 
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quantity of interest, but coarse enough to solve efficiently. By default, COMSOL uses a physics-
based, free tetrahedral mesh, which is varied automatically over domains to maximize efficiency 
[28]. It also supports a discretization method called “swept meshing.” From COMSOL: “A swept 
mesh starts at a source boundary and sweeps along to a specified destination boundary” [32]. 
This method is often far more efficient for thin domains (such as a circuit board) or domains with 
curves but a constant cross-section (such as an I-beam or a cylinder).  
 Overall, I found that the best way to approach the mesh was to divide the domains into 
separate tetrahedral meshes, with the size of each mesh refined to accommodate the smallest 
edges and surfaces in the domain. There were many small details that caused errors in the mesh 
or required a finer mesh than was necessary for a meaningful solution, and I attempted to 
simplify these wherever possible for the sake of computational efficiency. This is the reason I 
simplified the circuit board geometry and excluded details such as screw threading. I often had to 
manually adjust the mesh size settings to accommodate the details of the geometry. For instance, 
the standoffs required a fairly fine mesh, while the cube frame needed relatively few elements to 
give a useful solution. 
 I attempted to use a swept mesh for the heat source and circuit board, since they seemed 
like good candidates and such a mesh could significantly reduce the number of elements needed 
to discretize them. However, I ran into numerous problems with the swept meshes, and in the 
interest of time I went back to using the free tetrahedral mesh for both domains. I also attempted 
to further simplify the cube mesh by specifying the distribution of nodes along the cube edges. 
While this approach worked, it did not make a significant difference in the total number of 
elements, since the cube was already the simplest domain. More experimentation with swept 
meshes would be advisable for future teams. 
57 
 
 
4.0 Results and Discussion 
 The primary goal of this project was to develop a method for future groups at WPI to 
perform thermal analysis on a CubeSat. Specifically, I sought to model the temperature 
distribution of components within the CubeSat structure, and integrate those results with the 
external thermal analysis. The main result was a model for the temperature distribution of a 
basic, typical CubeSat structure, which can be used as a reference and starting point for any 
future analysis. Additionally, I used the model to determine the temperature distribution of this 
typical satellite under various conditions. This chapter outlines the temperature and radiosity 
results of a baseline case using reasonably realistic parameters. The model’s predictions for the 
effects of various parameters on the overall temperature distribution are also presented. Possible 
implications of the results for spacecraft design are discussed throughout. 
 
4.1 General Temperature Distribution 
 The most typical temperature results were based on fairly realistic parameter values (such 
as the solar flux value at Earth and the power dissipation corresponding to the most power-
intensive board in the WPI CubeSat). The temperature distribution is shown in Figure 4-1, with 
one wall hidden to reveal the internal components. Figure 4-2 shows the same solution with a 
more concentrated color scale to better illustrate the gradient in the region with the highest 
temperatures. It is important to note that the actual numerical values of the temperature and 
radiosity in these cases are not as informative or accurate as their distribution, as many of the 
parameters used were chosen arbitrarily and do not reflect the materials or data of a specific 
CubeSat (see Table 3-2). 
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Figure 4-1: Steady-State Temperature Distribution of the Baseline Case 
 
Figure 4-2: Temperature Distribution of Baseline Case (Color Range from 666 to 668 K) 
 
 The highest temperatures were found inside the spacecraft, especially in and near the chip 
heat source at the center of the printed circuit board (PCB). The difference between the highest 
external and internal temperatures is only about 1 K, but the entire circuit board is slightly hotter 
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than most of the cube frame (about 4 K more than the average cube temperature). The internal 
heating is due primarily to the power dissipation of the chip, and the board remains hot due to the 
combination of radiative heat transfer within the cube and the insulating effect of the thermal 
contact layer between the standoffs and board. The chip does conduct into the board, but not 
much heat passes from the board to the standoffs. On a real circuit board, the power dissipation 
would not be concentrated in a single chip, which might result in a reduction of the maximum 
temperature of any single element on the board. The cube frame temperature is high on the sun-
facing side (x-direction in the figure), and reaches its lowest point on the opposite, space-facing 
side.  
 The radiosity distribution, shown in Figure 4-3, indicates that the radiosity is most intense 
on the chip itself and around the bolts where they connect to the stack mount, which is a 
bottleneck for conductive heat transfer.  
 
Figure 4-3: Radiosity Distribution (on structure and heat source) of Baseline Case 
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4.2 Effects of Parameters on Temperature 
 In addition to the most realistic (baseline) case, I ran simulations of a variety of cases in 
order to better understand the effects of the various design and boundary condition parameters on 
the satellite temperature. In each of the following subsections I present results that illustrate the 
effects of one such parameter. 
 
4.2.1 Thermal Layers 
 “Thermal layers” here refers to the boundary conditions on surfaces between objects that 
create “layers” that approximate physical effects of different contact and binding conditions 
(described in detail in Section 3.3). For example, we expect that heat will flow differently 
between parts if they are glued together than if they are screwed onto one another. I tested the 
effect of choosing each type of thermal layer in the Heat Transfer in Solids interface on the 
model version that included only the circuit board, standoffs, and heat source before selecting the 
settings that best approximated real conditions. The results without the addition of any thermal 
layers can be seen in Figure 4-4, and will in this section be referred to as the “Control Case.” 
61 
 
 
 
Figure 4-4: Temperature Solution of PCB Without Thermal Layers (Control Case) 
 
 First, I tested the Highly Conductive Layer; the solution is shown in Figure 4-5. The 
results were exactly the same as the control case. This means that by default, COMSOL assumes 
high conductivity between surfaces that are in contact, which in most cases is unrealistic. This 
highlighted the need for different modeling of the contact points of the standoffs and other 
objects. 
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Figure 4-5: Temperature Solution of PCB with Highly Conductive Layer 
 
 I next examined the Thin Thermally Resistive Layer, applying this condition to the top of 
each standoff where it touches the PCB. As expected, less heat flows between the standoffs and 
the board, and the standoffs rise in temperature significantly (from around 248 K to 312 K, about 
25.8%), as can be seen in Figure 4-6. Additionally, the lowest temperatures of the model, found 
in between the heat source and the standoffs on the PCB, dropped slightly from the control case 
with the addition of the layers. This makes sense, as in this iteration of the model there is a 
strong heat source at the base of each of the standoffs, and the thermally resistive layers prevent 
this heat from travelling into the PCB, trapping the heat in the standoffs. 
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Figure 4-6: Temperature Solution of PCB with Thin Thermally Resistive Layers 
 
 In order to set up a realistic Thin Thermally Resistive Layer, one would have to directly 
input a thermal resistance equivalent to the real conditions of the two materials, obtained from 
either experimental results or materials surface theory. However, COMSOL already has some 
surface contact theory as a built-in boundary condition for the Heat Transfer in Solids interface: 
the Thermal Contact condition (see Section 3.3). 
 The temperature results with the Thermal Contact condition between the PCB and each 
standoff can be seen in Figure 4-7. 
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Figure 4-7: Temperature Solution of PCB with Thermal Contact Boundary Condition 
 
 The Thermal Contact condition raised the temperature of the standoffs even further, to 
400 K (a 61.3% increase from the control case). It also slightly lowered the lowest temperature 
on the board, indicating that there is far less heat flowing through the connection. One reason so 
little heat is transferred between the standoffs and board is that in the default settings of the 
Thermal Contact boundary condition, there is very little pressure between the surfaces, as though 
they are just resting against one another. I therefore increased the contact pressure setting from 
100 to 200 kPa in the baseline case, to better simulate tightened screws holding the standoffs to 
the board. A more precise number could be obtained from simple experimental results.  
Figure 4-8 shows the same model with both the Highly Conductive Layer and Thermal 
Contact boundary conditions. The top image is for the default settings of Thermal Contact and 
the bottom is with the contact pressure increased. The bottom image therefore represents the 200 
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kPa contact pressure setting used in the baseline case (see Table 3-1). The highest temperature is 
between the control and default contact cases at 351 K (an increase of 41.5%), as one would 
expect. 
 
Figure 4-8: Temperature Solutions of PCB with Realistic Boundary Layers. Top: Default 
settings; Bottom: Thermal contact pressure set to simulate tightened screws. 
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4.2.2 Bolts 
 The main effect of the bolts that secure the stack mount to the cube frame was to lower 
the temperature of all components of the satellite. Figure 4-9: Temperature Solution with No 
Bolts shows the temperature solution for a model with no bolts, but otherwise identical to the 
baseline case. 
 
Figure 4-9: Temperature Solution with No Bolts 
 The temperature of the frame varies smoothly from the sun-facing to the space-facing 
side. However, the internal components, which are thermally floating, have reached an almost 
uniform temperature of 676 K, the highest in the model. This is due to the lack of a path for the 
heat to flow to a cooler area; as the chip continues to generate heat, it simply raises the 
temperature of all of the components on the board. Any radiated heat is trapped within the 
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satellite frame, and the frame itself is radiating energy absorbed from the sun inward. Comparing 
this solution to the baseline case (Figure 4-1: Steady-State Temperature Distribution of the 
Baseline Case), the highest temperature reached is 8 K higher. The lowest temperature is also 
slightly higher (5 K), probably due to the greater amount of radiated heat from the hotter internal 
components. 
 As another point of comparison, I also tested a case with no bolts but the stack mount 
resting on the satellite frame. The solution can be seen in Figure 4-10. 
 
Figure 4-10: Temperature Solution with Stack Mount Contacting Frame 
 The maximum and minimum temperatures of all components were greatly reduced when 
the mount was in contact with the frame. This is probably due to the greatly increased 
conduction from the chip heat source to ambient space afforded by the greater contact area. 
Additionally, this test did not include a thermal layer between the mount and the frame, meaning 
that by default the contact surface was highly conductive.  
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4.2.3 Chip Heat Source 
 I also performed a parametric sweep of the power dissipated by the chip heat source. 
Initially, I had performed a much wider sweep, from 0 to 2.5 W, with larger intermediate steps. 
The most interesting aspect of those results was the point at which the dominant heat source of 
the satellite shifted from the solar flux to the chip heat source. Therefore I focused in on that 
power range and performed a more limited, detailed sweep (the specific settings of which are 
described in Section 3.4.8). The overall trend of the temperature for this range is shown in Figure 
4-11. 
. 
 
Figure 4-11: Effect of Heat Source Power on Temperature 
 The average temperature is computed by COMSOL using an average operator that 
integrates a variable over a length, surface or volume of interest and then divides by the total 
length, surface area or volume, respectively. It can be seen in Figure 4-11 that the average 
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temperature of all of the components increases almost linearly with the amount of power 
dissipated, though there is a slight tapering off of the rate of increase at higher temperatures. The 
maximum temperature is much higher than the average temperature for each case, and the 
difference grows as the power increases. The higher powers in the sweep revealed that the rate of 
increase of the maximum temperature was more than 3 times that of the minimum or average 
temperature (roughly 5.6 K/W vs 1.4 K/W). This is important, as the maximum temperature (in 
this model) is always concentrated in the chip itself. While on a real board the heat would be 
distributed among many smaller chips and parts, the electronics are still the most temperature-
sensitive spacecraft components. Therefore the maximum temperature is the most critical result. 
In a real satellite, the electronics would cease to function or even melt long before reaching the 
higher temperatures achieved here. As mentioned earlier, the goal here was to observe trends and 
parameter sensitivities, so the numerical values of temperatures at specific locations should not 
be considered representative. The temperatures shown in Figure 4-11 are much higher than one 
would ever allow in a CubeSat design. 
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Figure 4-12: Parametric Power Sweep Temperature Solutions. Top: 0 W; middle: 0.2 W; bottom: 0.4 W. 
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 Figure 4-12 shows the complete results of three of the cases to illustrate the effects on the 
temperature distribution. The hottest part of the satellite goes from the cube frame to the mount 
and board and then very clearly to the chip and board over the 0 to 0.4 W range. This transition is 
intuitive, since when the chip produces 0W, the spacecraft heating is entirely due to the solar 
flux. The fact that the transition occurs over such a small range of dissipated power along with 
the very high rate of maximum temperature increase with the increase in power suggests that the 
chip heat source has a very significant effect on the spacecraft temperature. 
One question I sought to answer with the model was whether the solar flux or the internal 
heat generation dominates the temperature of the satellite. I therefore considered the direction of 
the heat flow through the board, standoffs, and stack mount to assess whether more heat was 
being transferred inward from the external solar radiation or outward from the internal heat 
source.  
Figure 4-13 shows isothermal contours (theoretical boundary surfaces along which the 
temperature is constant) on the internal components for same three cases, with vector arrows 
indicating the direction and magnitude of the heat flow. Figure 4-14 depicts the isothermal 
contours for the baseline case. In all figures, the Sun radiates from the x-direction.  
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Figure 4-13: Isothermal Contours of Internal Components for Varying Chip Heat Source Power 
Dissipation. Vector arrows indicate the direction and magnitude of the heat flow. Top: 0 W; Middle: 0.2 
W; Bottom: 0.4 W. 
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Figure 4-14: Isothermal Contours for Baseline Case. Vector arrows indicate the direction and magnitude 
of the heat flow. Top: Entire satellite: Bottom: Internal components only. 
 
 The isothermal contour plots confirm that the internal heat source has a significant and 
potentially dominant effect on the satellite temperature. In the case without a heat source in the 
chip (Figure 4-13, Top), the heat travels from the bolts into the stack mount and towards the 
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space-facing side of the satellite, as well as up into the board; this case is dominated by solar 
radiation. The direction of the heat flow vectors begins to change at about 0.15 W, is about half 
inward and half outward at 0.2 W (Figure 4-13, Middle), and has completely reversed in 
direction to flow outward by 0.35 W. In the 0.4 W case (Figure 4-13, Bottom), the heat can be 
seen to flow down through from the board through the standoffs and out towards the cube frame, 
despite the solar illumination. This suggests that although the heating of the baseline case (Figure 
4-14) is primarily caused by the solar flux, with a complete circuit board stack the internal heat 
generation will probably dominate.  
 Perhaps one reason that the internal heat source dominates the heat flow to this extent is 
the small scale of a CubeSat. 1370 W/m
2
 is a significant flux, but one face of a 10 cm cube is 
only 0.01 m
2
, and so would only receive 13.7 W of heat. This heat flux is received by the 
component that both conducts best and radiates directly to space. The 0.16 W from the chip, 
which has a total outward-facing surface area of just 7.57×10
-4
 m
2
, would be equivalent to about 
211 W/m
2
. Also, the cube as modeled is a shell with solid walls, and so there is no outlet for 
thermal radiation originating within the cube besides being absorbed and re-radiated by the cube 
itself. All of that heat must therefore be conducted to the cube’s exterior before it can radiate 
away from the satellite. 
 
4.2.4 Emissivity of Aluminum 
In order to examine the effects of surface emissivity on the temperature, I performed a 
parametric sweep of the emissivity of the aluminum components. Since the emissivity is a 
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material property, the emissivity of all surfaces that were defined as aluminum varied in the same 
way. Figure 4-15 shows the overall trend of the results. 
 
Figure 4-15: Effect of Emissivity on Temperature 
 The change in temperature resembles an exponential decay curve. The maximum temperature 
does not decrease as much or as rapidly as the average temperature. This is intuitive, as the maximum 
temperature is concentrated in the chip heat source, which is not directly affected by the emissivity of 
aluminum. In the same way, it makes sense that the lowest temperature, which occurs on the cube frame, 
is affected most significantly. Most of the satellite, especially the frame, which radiates directly to space 
and has the largest surface area, is aluminum and therefore significantly affected; thus the average 
temperature is very close to the minimum temperature and varies in almost the same way. The minimum 
and average temperatures drop from about 660 K to about 360 K (a 45% decrease) quite rapidly as the 
emissivity increases, suggesting that the choice of surface treatment or finish on the spacecraft frame will 
be an important design consideration. 
Figure 4-16 shows the temperature of the satellite for three of the cases in the parametric sweep. 
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Figure 4-16: Parametric Emissivity Sweep Solutions. Top: 0.02; middle: 0.42; bottom: 0.82. 
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 While the temperature changes significantly, the overall pattern of the heat distribution 
remains relatively unchanged. The largest change is the difference between the highest and 
lowest temperatures, which grows from 6 K to 52 K between 𝜀 = 0.02 and 𝜀 = 0.82. Overall, it 
is clear that emissivity plays a very significant role in the spacecraft temperature. This was 
expected, since radiation as a mode of heat transfer is far more important in the near vacuum of 
space, and is the only mode by which heat can be transferred away from the satellite. 
 
4.2.5 Solar Flux 
 The external heat flux, meant primarily to represent the solar flux, also underwent a 
parametric sweep. Figure 4-17 summarizes the results. 
 
Figure 4-17: Effect of External Heat Flux (Solar Flux) on Temperature 
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 As one would expect, the temperature increases as the flux increases. The increases in 
temperature decrease as the flux increases, but the curve doesn’t appear to be approaching a 
finite value over the range considered. The difference between the maximum and minimum 
temperatures decreases to near convergence over the sweep, which is probably due to the flux 
acting directly only on the cube frame; the highest temperature is concentrated in the chip, which 
is a very small part of the spacecraft, so the minimum temperature (cube frame temperature) 
increases faster than the maximum, bringing them closer together. If the flux were raised further, 
I would expect the three curves to converge and continue to increase. The average temperature is 
again much closer to the minimum temperature since the cube frame has much more surface area 
than the chip. Overall, the intensity of the external radiation affects the satellite in an intuitive 
way. Of course, the intensity of external energy sources are not really under the designer’s 
control, and for a CubeSat there is very little choice as to the orbit. These results can instead be 
used to compare the effects of internal and external heating on the way that temperature is 
distributed throughout the spacecraft, as well as to assess the effects of other parameters on the 
worst-case hot and cold conditions. Temperature distributions for three cases of the sweep can be 
seen in Figure 4-18. 
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Figure 4-18: Parametric Solar Flux Sweep Solutions. Top: 0 W/m
2
 (eclipse); middle: 900 W/m
2
; bottom: 
1500 W/m
2
. 
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4.3 Implications for CubeSat Design 
 The results indicate that for the baseline case, the solar flux is primarily responsible for 
spacecraft heating and dominates the flow of heat. However, the internal power dissipation 
sweep reveals that at a relatively low total power dissipation value (0.35 W), the internal power 
dissipation begins to dominate the heating and heat flow (see Sections 4.2.3 and 4.2.4). It is 
important to consider that the results presented here are for a steady-state solution and therefore 
represent equilibrium reached under constant conditions. It is unclear how long it might take for 
the satellite to arrive at these temperatures, and a time-dependent study is an important next step 
for refinement of the model. For a real satellite the value of the solar flux will vary over its orbit, 
and the temperatures might never reach that equilibrium. (This might also account for the 
extremely high temperatures reached in the model.) Additionally, the model represents only the 
power dissipated by one circuit board, and a full circuit board stack will dissipate more power 
and likely dominate the temperature distribution over a wider range of parameters than for the 
(single circuit board) case considered here. Therefore the internal heat generation will probably 
drive the spacecraft temperature, even for constant full solar illumination. 
 With a solid cube frame, the only way for thermal energy originating within the satellite 
to escape is to conduct it to the exterior of the spacecraft where it can be radiated away to space. 
The case with the stack mount contacting the cube frame illustrates the effectiveness of increased 
conduction on spacecraft temperature regulation (see Figure 4-10). Therefore a path should be 
provided for conduction from the circuit board stack (or even certain particularly hot 
components) to the exterior of the frame. This might be achieved by creating a thermally 
conductive connection between the standoffs and the board, or by adding a piece of metal or 
other conductor that extends from the board to the outer cold-facing surface of the cube.  
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 In a similar manner, the emissivity is another key design consideration. While the amount 
of external radiation and the amount of power dissipation that the satellite experiences are 
basically set by other spacecraft requirements, the emissivity can, in contrast, be easily varied 
and deliberately chosen in the design. Therefore the selection of coatings, surface finishes and/or 
insulation for the frame, both outside and inside, is particularly important. A surface finish or 
highly reflective insulation might help to reduce the amount of solar (and other) radiation 
absorbed by the frame and reduce the overall temperature of the satellite. Also, a surface 
deliberately finished to radiate well could be used as an outlet for some of the heat generated by 
the electrical components. Active thermal control methods are an unreasonable allocation of 
space and resources for a CubeSat, so these passive methods of thermal control will likely figure 
prominently in any typical CubeSat design. 
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5.0 Conclusions and Recommendations 
 The primary goal of this project was to develop a method for future groups at WPI to 
perform thermal analysis on a CubeSat. Specifically, I sought to model the temperature 
distribution of components within the CubeSat structure, and investigate the sensitivity of the 
internal temperature distribution to several key parameters. The primary result was a model using 
COMSOL Multiphysics for the temperature distribution of a basic, typical CubeSat structure, 
which can be used as a reference and starting point for any future analysis. Additionally, the 
model was used to explore the effects of different parameters, including emissivity, interface 
(contact surface) properties, and external heat flux, on the temperature distribution. The results 
highlight some important thermal design considerations for a CubeSat. I have also included 
recommendations for further refinement of the thermal model. 
 The results of steady-state simulations run on the model indicate that, not surprisingly, 
passive thermal control will be very important to the success of a typical CubeSat mission. The 
satellite, over the course of its mission, could easily be heated past the operating temperature 
range of any instruments on board. The power dissipated by electrical components has the 
greatest effect on the temperatures, followed by external radiation from the sun (and other 
sources). Key thermal design considerations will be strategic selection of insulation and surface 
finishes (to control emissivity and the absorption of external radiation) and removal of heat from 
the circuit board stack to space using both conduction (within the bus) and radiation from 
external surfaces. This model will be useful for predicting the temperature distribution of the 
satellite and testing various designs in the theoretical stage. 
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 Aside from the dissipated power and emissivity, the parameter that most greatly affected 
the temperature of components was the “thermal layer” settings of the model. An essential aspect 
of a more accurate model is better approximation of thermal layers in COMSOL to represent real 
conditions. The Thermal Contact condition will probably be the most useful, and testing should 
be done to determine realistic settings for parts fastened together by screws, glue, solder, etc. 
Also the effective conduction of heat through the PCB could be verified experimentally, and a 
different way of modeling the solder layer might be necessary to better match real conditions.  
 An additional next step should also be to model a more realistic circuit board 
configuration. More research should be completed with respect to defining an “effective” 
thermal conductivity and identifying more recent and accurate methods of circuit board 
modeling. Additionally, a stack of several boards, with the heat dissipation of each board 
distributed over multiple components, would provide better insight into the behavior of the 
electrical component heating. This is of particular interest given the significance of internal 
heating on the satellite temperature distribution. 
 In order to better test insulation and emissivity settings, more variation in the materials 
used and difference in surface settings could be useful. Also, modeling more realistic geometric 
features for the satellite frame, such as solar panels and the open spaces that would probably 
exist in a more skeleton-like cube frame, would greatly improve the fidelity of the model. In 
essence, more work needs to be done on integrating slightly more detailed internal thermal 
modeling and exterior thermal modeling of a CubeSat. 
 Another area worth exploring is the mesh settings. There is probably a more efficient 
mesh scheme that could reduce computation time, which is especially important as the model 
84 
 
 
becomes more complex and realistic. Some possibilities are “swept meshing” (discussed in 
Section 3.4.7) and a manual, more carefully selected element distribution and size control. 
 Eventually, the model should include more realistic estimates of how the thermal 
conditions change over time. Time and orbit dependent data could be imported from an orbit 
simulation program such as STK (Systems Tool Kit; formerly Satellite Tool Kit), and the 
temperature distribution of the satellite could be simulated over several orbits. An intermediate 
step might be performing worst-case hot and worst-case cold simulations for the CubeSat based 
on typical orbit data and launch conditions. Knowing more about realistic extreme cases will 
improve the design and reduce chances of component failure, as well as providing a better 
baseline for assessing the accuracy of the model. In the long term, it would be useful to perform 
a vacuum-chamber test of a basic CubeSat configuration to compare with the model results. This 
COMSOL model will now be available to other students undertaking CubeSat design, to use as a 
starting point for their own thermal analysis. 
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